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Abstract 
Reactive oxygen species (ROS: superoxide radical, O2-; hydrogen peroxide, H202; hydroxyl radical, OH), which arise from the 
univalent reduction of dioxygen are formed in mitochondria. We summarize here results which indicate that ROS, and also the radical 
nitrogen monoxide ('nitric oxide', NO), act as physiological modulators of some mitochondrial functions, but may also damage 
mitochondria. Hydrogen peroxide, which originates in mitochondria predominantly from the dismutation of superoxide, causes oxidation 
of mitochondrial pyridine nucleotides and thereby stimulates a specific Ca 2+ release from intact mitochondria. This release is prevented 
by cyclosporin A (CSA). Hydrogen peroxide thus contributes to the maintenance of cellular Ca 2÷ homeostasis. A stimulation of 
mitochondrial ROS production followed by an enhanced Ca 2+ release and re-uptake (Ca 2+ 'cycling') by mitochondria causes apoptosis 
and necrosis, and contributes to hypoxia/reperfusion injury. These kinds of cell injury can be attenuated at the mitochondrial level by 
CSA. When ROS are produced in excessive amounts in mitochondria nucleic acids, proteins, and lipids are extensively modified by 
oxidation. Physiological (sub-micromolar) concentrations of NO potently and reversibly deenergize mitochondria atoxygen tensions that 
prevail in cells by transiently binding to cytochrome oxidase. This is paralleled by mitochondrial Ca 2÷ release and uptake. Higher NO 
concentrations or prolonged exposure of cells to NO causes their death. It is concluded that ROS and NO are important physiological 
reactants in mitochondria and become toxic only when present in excessive amounts. 
Keywords: Mitochondrion; Cyclosporin A; Ca 2+ release 
1. Results 
1.1. Reactive oxygen species in mitochondria 
Reactive oxygen species (ROS) are physiological 
metabolites. Some compounds (e.g., so-called 'redox cy- 
clers') or some pathological states (e.g., inflammation) 
increase ROS production. Mitochondria consume about 
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90% of the inhaled oxygen, and are a particularly rich 
source of ROS since about 1-2% of oxygen reduced in 
mitochondria re constitutively converted to superoxide. 
Dismutation of superoxide is the main mitochondrial source 
of hydrogen peroxide, whose reduction generates the strong 
and non-specific oxidant hydroxyl radical. 
Superoxide is produced in the respiratory chain by the 
reaction of oxygen with iron-sulfur centers in complex I, 
partially reduced ubiquinone, and cytochromes b in com- 
plex III. It can be calculated that a rat liver mitochondrion 
normally produces about 3-107 superoxide radicals per 
day. The redox cycler alloxan, menadione, rotenone, meth- 
ylphenylpyridinium, tetrachloro-dibenzo-p-dioxin, elevated 
Ca 2÷, or tumour necrosis factor-a (TNF-a) further in- 
crease ROS production by mitochondria, as does 
hypoxia/reperfusion. 
Superoxide and hydrogen peroxide are metabolized in 
mitochondria by the Mn-containing superoxide dismutase 
and the Se-containing lutathione peroxidase, respectively. 
Furthermore, ROS are scavenged by vitamins C and E, 
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glutathione, and ubiquinol-10. Despite these efficient an- 
tioxidative defense systems, oxidative damage to mito- 
chondria is notorious (for reviews, see Refs. [1,2]). 
1.2. Hydrogen peroxide promotes Ca 2 + release from in- 
tact mitochondria 
Hydrogen peroxide is enzymatically reduced in mito- 
chondria to water at the expense of NADH and NADPH 
due to the combined action of glutathione peroxidase, 
glutathione reductase, and the energy-linked transhydro- 
genase. When Ca 2+ is present in mitochondria the NAD + 
formed by this or other reactions is hydrolyzed to ADPri- 
bose and nicotinamide. NAD ÷ hydrolysis allows protein 
monoADPribosylation in and release of Ca 2÷ from mito- 
chondria (for review, see Ref. [3]). This Ca 2÷ release is 
specific and does not require the so-called 'mitochondrial 
permeability transition' [4] as judged from the following 
findings [5]: When re-uptake of Ca 2+ by mitochondria is
prevented (1) release occurs with maintenance of the mito- 
chondrial membrane potential (A¢); (2) release is not 
paralleled by release of K + from mitochondria; (3) release 
is not paralleled by sucrose entry into mitochondria; (4) 
mitochondfia do not swell. However, when re-uptake of 
the released Ca 2+ (Ca 2+ cycling) is allowed the organelles 
become indeed non-specifically eaky. 
The intramitochondrial hydrolysis of NAD + is inhibited 
by cyclosporin A (CSA) [6], is regulated by CSAs target 
cyclophilin [7], and is under the control of intramitochon- 
drial sulfhydryl groups which are independent of glu- 
tathione: In glutathione-depleted as well as in glutathione- 
adequate mitochondria hydrolysis is stimulated by phenyl- 
arsine oxide [8], a cross-linker of vicinal thiols, and by 
gliotoxin [9], a compound containing an oxidized disulfide 
moiety. When gliotoxin's disulfide is either reduced or 
dimethylated NAD + hydrolysis is not stimulated. Further- 
more, oxidized lipoic acid stimulates, and the sulfhydryl- 
reducing compound ithiothreitol prevents NAD + hydrol- 
ysis (unpublished ata). It thus appears that a pair of 
vicinal reduced sulfhydryls inhibits hydrolysis, whereas 
their cross-linking or oxidation stimulates hydrolysis, The 
molecule harbouring these sulfhydryl groups is currently 
not known. Attractive candidates are cyclophilin or the 
NAD + hydrolyzing enzyme itself. 
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Fig. 1. Oxidative modifications by copper/ascorbate/H202 of rat brain mitochondria in vitro. Succinate-energized mitochondria were incubated in 
oxygen-saturated buffer for 20 min in the absence (control) or presence of 500 /zM ascorbate, 100 /xM Cu(II), and 2 mM H202. Nucleic acid oxidation 
was measured by base oxidation analysis (Panels A and B) with HPLC/EC, and by conformational nalysis (Panel C) in agarose gels followed by 
dcnsitometry; protein oxidation and lipid peroxidation were measured by carbonyl content analysis and by malondialdehyde analysis, respectively (Panel 
D. Solid bars, protein oxidation; hatched bars, lipid peroxidation). 8-OHdG, 8-hydroxydeoxyguanosine; 8-OHG, 8-hydroxyguanosine; MDA, malondialde- 
hyde. Experimental details will be given elsewhere. 
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1.3. Cyclosporin A protects mitochondria gainst hypoxia 
/ reperfusion injury 
Key features of hypoxia/reperfusion injury (HRI) are a 
rise of the cytosolic Ca 2+, an increased ROS production in 
mitochondria and cytosol, cellular ATP depletion, and 
finally necrotic cell death. CSA protects mitochondria 
against HRI during rat liver transplantation [10]. In vitro 
studies with mitochondria indicated that under conditions 
simulating HRI, i.e., relatively high Ca 2+ concentrations 
and high levels of ROS, specifically site I activity of the 
respiratory chain is lost [11]. Under these conditions most 
of the mitochondrial NAD + is hydrolyzed due to pro- 
longed Ca 2+ cycling [12]. Accordingly, we found [13] that 
mitochondria re protected against loss of site I activity by 
CSA, which totally prevents NAD + hydrolysis, by EGTA, 
which limits NAD + hydrolysis by preventing Ca 2+ cy- 
cling, or by keeping mitochondrial pyridine nucleotides 
reduced. 
1.4. Mitochondrial reactive oxygen species and Ca 2+ 
o'cling cause apoptosis 
TNF-ce stimulates mitochondrial ROS production in 
mouse fibrosarcoid cells and causes their apoptotic death 
[14]. Apoptosis is at least in part related to ROS-induced 
mitochondrial Ca 2+ cycling because cell death is effec- 
tively prevented by ruthenium red, a specific inhibitor of 
the mitochondrial Ca 2+ uptake pathway. In cells over-ex- 
pressing the proto-oncogen bcl-2 much more TNF-c~ is 
required to induce apoptosis, and mitochondria re pro- 
tected against TNF-c~-induced amage as judged by AO 
measurements [15]. These data are corroborated by the 
reports that the bcl-2 gene product protects against apopto- 
sis induced by a variety of oxidants [16,17]. 
1.5. Oxidative damage in mitochondria 
Besides producing large amounts of ROS mitochondria 
also contain heavy metal ions such as iron and copper, a 
situation which favours the formation of the potently and 
unspecifically oxidizing hydroxyl radicals. These radicals 
are notorious for their attack on lipids, nucleic acids, and 
proteins. Indeed, lipid peroxidation in mitochondria has 
been documented many years ago due to the availability of 
appropriate assays (for review, see Ref. [18]). Highly 
sensitive detection of oxidative DNA damage was only 
recently made possible by combining high performance 
liquid chromatography with electrochemical detection 
(HPLC/EC)  [19]. Since the first description of oxidative 
damage to mitochondrial DNA (mtDNA) [20] several re- 
ports confirmed this rat liver study and extended the 
investigation to other mammalian species including hu- 
mans of various ages and health states (reviewed in Ref. 
[21]). HPLC/EC can in principle also be used to detect 
RNA oxidation, but has never been exploited for mito- 
chondrial RNA (mtRNA). Finally, protein carbonyls as 
indicators of protein oxidation can now be easily measured 
due to the pioneering studies of Stadtman's group [22], and 
a recent report documented protein oxidation in Drosophila 
mitochondria [23]. 
The analysis of oxidative damage in mtDNA is met 
with many technical problems. They comprise uncertain- 
ties about the yield during isolation, about the possible 
contamination of the isolated material by, e.g., covalently 
attached proteins, and about the yield of nucleosides dur- 
ing the preparation for HPLC/EC.  In a first step towards 
resolving these problems, and also to investigate RNA and 
protein oxidation in mammalian mitochondria we exposed 
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Fig. 2. Analysis of DNA isolated from rat liver mitochondria exposed to 
iron:gluconate in vitro. Succinate-energized mitochondria were incubated 
in oxygen-saturated buffer for 20 min in the absence (control) or presence 
of increasing amounts of Fe(IlI):gluconate, and mtDNA was isolated. 
Panel A: Analysis of mtDNA by agarose gel electrophoresis forclosed- 
circular (form I), open-circular (form II), and linear (form III) conforma- 
tion. Lane 1, DNA size markers; lane 2, linearized mtDNA; lane 3, 
mtDNA isolated from control mitochondria; l nes 4-6, mtDNA isolated 
from rnitochondria challenged with 62, 250, and 500 ~M Fe(III):gluco- 
nate. Panel B: Induction of single-strand breaks (SSB). SSB are calcu- 
lated according to SSB =-ln(1.4×form I)/(1.4×form l+form II). Ex- 
perimental details will be given elsewhere. 
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isolated rat brain mitochondria to copper and ascorbate 
plus hydrogen peroxide, an established source of hydroxyl 
radicals, and measured mtDNA base oxidation and strand 
breaks, mtRNA base oxidation, lipid peroxidation, and 
protein oxidation (Fig. 1). We routinely obtain (the meth- 
ods will be detailed in a forthcoming report) about 0.7/xg 
of hydrolyzable mtDNA/mg of protein of control and 0.4 
/xg of hydrolyzable mtDNA/mg of protein of oxidatively 
challenged mitochondria. The yield of hydrolyzable 
mtRNA is 0.5 /xg/mg of protein, and is not decreased by 
oxidation. The level of base oxidation in control mtDNA is 
very similar to that reported previously for rat liver, and is 
increased about 70-fold in challenged mitochondria. RNA 
oxidation in control mitochondria, expressed as oxidized 
base/unit weight of nucleic acid, is about three times 
higher than DNA oxidation, but is increased only about 
16-fold by oxidation. Loss of supercoiled mtDNA was 
measured as indicator of strand breaks. Interestingly, al- 
ready copper plus ascorbate is sufficient o introduce con- 
siderable relaxation of mtDNA, possibly due to preferred 
binding of copper to and facilitated formation of hydroxyl 
radicals at the mtDNA backbone. The carbonyl content in 
control mitochondria is similar to the one reported for 
cytoplasmic proteins in hepatocytes [24], and is increased 
about 27-fold by oxidation. 
Isolated rat liver mitochondria were also allowed to 
accumulate iron ions complexed to gluconate, and mtDNA 
conformational changes were analyzed by agarose gel 
electrophoresis (Fig. 2) and high resolution field-emission 
scanning electron microscopy (HRFE-SEM) (Fig. 3). The 
iron complex induces a dose-dependent i crease of single- 
strand breaks. Whereas the gel reveals only the three 
archetypal forms of mtDNA (closed-circular, form I; 
open-circular, form II; and linear, form III) additional 
forms are visualized by HRFE-SEM. The inherent poten- 
tial of HRFE-SEM, the ability to depict three-dimensional 
topographic information down to 2 nm lateral resolution, 
can directly visualize Fe(III):gluconate-induced mtDNA 
damage in situ (Yaffee et al., submitted). The conforma- 
tional changes een in HRFE-SEM images accurately por- 
tray the state of mtDNA and permit direct analysis of 
dose-dependent iron-induced amage. 
1.6. Deenergization f mitochondria by nitrogen monoxide 
Addition of nitrogen monoxide ('nitric oxide', NO)- 
saturated buffer to rat liver mitochondria causes their 
transient deenergization when they use succinate as respi- 
ratory substrate (Fig. 4). At an oxygen tension similar to 
that found in venous blood (about 35 torr) 0.5 /zM NO 
elicits a rapid and complete, but reversible deenergization 
of mitochondria (Fig. 4, panel A). Increasing the amount 
of added NO extended the amplitude and duration of 
deenergization ( ot shown). At a given NO dose, the 
extent and duration of the mitochondrial deenergization 
increases with decreasing oxygen tensions (Fig. 4, panel 
B). Similar results were obtained with pyruvate plus malate 
as respiratory substrate. Liver mitochondria energized with 
ascorbate plus tetramethylphenylenediamine (TMPD) were 
more sensitive to NO than mitochondria energized with 
succinate or pyruvate plus malate. Again, deenergization 
was completely reversible and could be repeated several 
times. In contrast, liver mitochondria energized with ATP 
were not deenergized with up to 13 /zM NO even at low 
oxygen tension. 
Very similar results were obtained with rat brain mito- 
chondria: (1) When energized with ascorbate plus TMPD 
they were more sensitive to NO than when energized with 
O 
Fig. 3. Analysis of mitochondrial DNA by high resolution field-emission scanning electron microscopy. Control (Panel A: bar = 75 nm) and 250 /xM 
Fe(llI):gluconate-challenged DNA (Panel B: bar = 100 nm) was obtained as described in Fig. 2 and prepared for high resolution field-emission scanning 
electron microscopy. Experimental details will be given elsewhere. 
C. Richter et al. / Biochimica et Biophysica Acta 1271 (1995) 67-74 71 
succinate or pyruvate plus malate. (2) Deenergization was 
completely reversible and could be evoked repeatedly. (3) 
Brain mitochondria energized with ATP were not sensitive 
to NO. 
Up to 10 mM potassium nitrite (KNO2), which is 
formed in aqueous NO solutions by reaction of NO with 
02, did not deenergize rat liver or brain mitochondria 
energized with any of the substrates used. 
Mitochondrial Ca 2+ uptake as well as ATP synthesis is 
driven by AO, and deenergization f mitochondria results 
in the release of Ca 2÷ from the organelles. Parallel to the 
drop and rise in A~b mitochondria lost their Ca =+ upon 
addition of NO, and subsequently re-accumulated the pre- 
viously released Ca 2+. 
Transient mitochondrial deenergization is also achieved 
in freshly isolated hepatocytes (Fig. 5) by 1 mM S-nitro- 
soglutathione in combination with 1 mM dithiothreitol, a
known source of NO. 
0.5 ~M NO 
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Fig. 5. Transient deenergization of mitochondria in isolated rat hepato- 
cytes by a generator of nitrogen monoxide. Freshly isolated hepatocytes 
(5- 106 cells in 1 ml buffer) were loaded with tetraphenylphosphonium, 
and the mitochondrial membrane potential was measured with a te- 
traphenylphosphonium-sensitive electrode. At the arrows, 1 mM S-nitro- 
soglutathione (GSNO) in combination with 1 mM dithiothreitol (DTT), 5 
/xg antimycin A (Ant. A), and 1.5 /xM uncoupler (CCCP) were added. 
The ruler refers to the extracellular tetraphenylphosphonium concentra- 
tion. TPP ÷, tetraphenylphosphonium. Experimental details will be given 
elsewhere. 
Finally, we measured killing of freshly isolated hepato- 
cytes by 10 mM S-nitrosoglutathione i  combination with 
10 mM dithiothreitol during a 15 min incubation (Fig. 6). 
Killing occurred under these conditions. It was diminished 
by CSA, and also by the presence in the cytosol of a Ca 2÷ 
chelator, i.e., under conditions which prevent mitochon- 
drial Ca 2+ cycling. 
2. Discussion and outlook 
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Fig. 4. Transient deenergization of isolated rat liver mitochondria by 
nitrogen monoxide. Mitochondria (0.3 mg protein/ml) were incubated in 
buffer of various oxygen tensions in the presence of 10 /xM safranine as 
membrane potential probe and energized with succinate. NO-saturated 
buffer was added to reach a final NO concentration f 0.5 /zM. Panel A: 
Membrane potential measured via safranine absorption changes at 511- 
533 nm; oxygen tension was 35 tort. At the arrow, authentic NO was 
added. Panel B: Time of deenergization with 0.5 /xM NO as a function of 
oxygen tension. Experimental details will be given elsewhere. 
The hydrogen peroxide-induced Ca 2+ release from 
mitochondria s accompanied by NAD ÷ hydrolysis, which 
is extensive under drastic conditions (high oxidant concen- 
tration, high Ca 2÷ load, Ca 2÷ cycling permitted) [12]. 
When Ca e-- cycling is prevented hydrolysis is limited [25] 
and accompanied by NAD ÷ synthesis [26,27]. Pyridine 
nucleotides are important co-factors in mitochondria nd 
are presumably synthesized in the organdies because the 
intact inner mitochondrial membrane is not permeable to 
these polar molecules. There are no reports about the 
origin of mitochondrial pyridine nucleotides, and little is 
known about their degradation. Obviously, pyridine nu- 
cleotide metabolism in mitochondria is incompletely un- 
derstood and deserves further studies. 
ROS-induced mitochondrial Ca 2÷ cycling damages 
mitochondria, nd contributes to HRI. A clinically impor- 
tant example of HRI is damage by re-opening of throm- 
bosed coronary arteries either by balloon angioplasty or by 
fibrinolysis in acute myocardial infarction [28]. The find- 
ings that CSA attenuates or prevents mitochondrial dam- 
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age in models of HRI suggests the use of this drug during 
treatment of infarct patients. 
ROS-induced mitochondrial Ca 2 + cycling can also bring 
about apoptosis, as shown with TNF-a. The gene product 
of bcl-2 stabilizes A~b and protects not only against TNF- 
a-induced apoptosis but also against hat induced by serum 
deprivation, redox cyclers such as menadione, or hydrogen 
peroxide. These findings pose the question whether one 
common (final?) pathway of apoptosis is oxidative stress 
coupled to mitochondrial Ca 2+ cycling [29,30]. 
The oxidative modification of proteins and nucleic acids 
in mitochondria raises important questions. Are they rec- 
ognized and repaired? Are they causally linked to some 
diseases and aging? Can they be attenuated or prevented 
by antioxidative intervention? Concerning protein oxida- 
tion in mitochondria no answers can be given at this 
moment but the studies on cytosolic proteins [31] could be 
taken as a guideline for future investigations. More knowl- 
edge has lately been accumulated about mtDNA oxidation 
(for recent reviews, see Refs. [2,21,32-34]). It increases in 
some diseases and during aging. Several glycosylases spe- 
cific for oxidized bases, and other putative repair activities 
are found in mitochondria (reviewed in Refs. [35]). It is 
not clear if they all truly repair damage, as shown for the 
8-hydroxyguanine modification [36], or simply participate 
in DNA degradation. In vivo application of a redox cycler 
induced deletions in mtDNA, whose formation was pre- 
vented by the potent antioxidant coenzyme Q [37]. This 
notion supports the proposal [38] that ROS contribute to 
the formation of mtDNA mutations. Oxidative mtRNA and 
protein modifications have clearly not received enough 
attention and should be scrutinized. 
The apparent oxidative damage of mitochondrial nu- 
cleic acids seems at first sight to be incompatible with 
proper mitochondrial proliferation in vivo. However, we 
recently found that in mtDNA oxidized guanines are not 
distributed randomly over all molecules; rather, they are 
confined to small fragments and cannot be detected in 
closed-circular molecules (M. Suter and C. Richter, 
manuscript in preparation). These intact molecules may 
serve as templates for the synthesis of 'good' daughter 
molecules. In addition, based on previous calculations [20] 
and the current measurement of mtRNA oxidation we 
estimate that only one out of about 20 to 30 mtRNA 
molecules (assuming an average of 100 bases per molecule) 
carries an oxidized guanine. 
Recent advances in HRFE-SEM preparation techniques 
[39] provide a means of rapidly cryofixing adsorbed 
macromolecutes in a near-native state, integrating previ- 
ously discrete structural data ranging from cellular to 
sub-macromolecular dimensions. This novel methodology 
opens the routes toward in situ visualization of native and 
induced conformations of DNA, protein, and macromolec- 
ular complexes. 
NO evokes many physiological responses, but is cyto- 
toxic at elevated concentrations [40,41]. It acts as neuro- 
transmitter, egulator of blood pressure, inhibitor of platelet 
aggregation, and modulator of immunity and inflamma- 
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Fig. 6. Killing of isolated rat hepatocytes by a generator fnitrogen monoxide. Freshly isolated hepatocytes (1 - 10  6 cells in 1 ml buffer) were analyzed for 
viability by the trypan blue exclusion assay before and after exposure for 15 min to 10 mM S-nitrosoglutathione (GSNO) in combination with I0 mM 
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as % of dead cells above control. In controls, always more than 90% of cells excluded trypan blue. Bars indicate standard deviation (n = 3); P < 0.01 for 
GSNO/DT vs. GSNO/DT + CSA, P = 0.05 for GSNO/DT vs. GSNO/DT + fura-2. Experimental details will be given elsewhere. 
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tion. NO binds to heme proteins, sulfhydryls, iron-sulfur 
complexes, and nucleic acids, and combines with oxygen. 
The latter reaction is third-order, and at low oxygen and 
NO tensions the life-time of NO is quite long [42]. Whether 
NO is produced in mitochondria s presently not known. It 
diffuses through membranes [43], and can presumably act 
intramitochondrially when formed in the cytosol or even 
by neighbouring cells. We find that at physiologically 
relevant NO and oxygen concentrations NO reversibly and 
potently deenergizes mitochondria. This is most likely due 
to by binding to cytochrome oxidase, as also very recently 
suggested by others [44], since reversible inhibition is 
observed when mitochondria are energized with ascorbate 
plus TMPD but not when energized with ATP. The re- 
versibility is likely to be due to NO consumption, e.g., 
reduction by cytochrome oxidase. Indeed, very recently it 
was reported [45] that mitochondria act as a sink for NO, 
and that NO consumption is prevented by cyanide. 
Transient deenergization f mitochondria may be one of 
the mechanisms by which NO transmits ignals. For exam- 
ple, we found that changes in A~0 are paralleled by 
movement of Ca 2+ across the inner mitochondrial mem- 
brane. Since Ca 2+ is used as an important messenger in 
cells its reversible release from mitochondria could consti- 
tute a cellular signal. On the other hand, prolonged eener- 
gization of mitochondria presumably contributes to NO's 
toxicity, as indicated by our study with hepatocytes. Pan- 
creatic /3-cells would be an interesting model to study 
NO's dual nature. It is conceivable that a transient forma- 
tion of NO contributes to the transient increase of the 
cytoplasmic Ca 2+ level which is required for insulin re- 
lease [46]. Prolonged or excessive NO production, e.g., by 
induction of nitric oxide synthase via interleukins, by 
macrophages, or by streptozotocin, would lead to perma- 
nent mitochondrial deenergization, disturbed cellular en- 
ergy supply and Ca 2+ homeostasis, and finally to cell 
death. 
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